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ARTICLE

Deﬁcient inhibition in alcohol-dependence: let’s consider the
role of the motor system!
Caroline Quoilin1,2, Emmanuelle Wilhelm1, Pierre Maurage2,3, Philippe de Timary1,2,4,5 and Julie Duque1,2
Impaired inhibitory control contributes to the development, maintenance, and relapse of alcohol-dependence, but the neural
correlates of this deﬁcit are still unclear. Because inhibitory control has been labeled as an executive function, most studies have
focused on prefrontal areas, overlooking the contribution of more “primary” structures, such as the motor system. Yet, appropriate
neural inhibition of the motor output pathway has emerged as a central aspect of healthy behavior. Here, we tested the hypothesis
that this motor inhibition is altered in alcohol-dependence. Neural inhibitory measures of motor activity were obtained in 20
detoxiﬁed alcohol-dependent (AD) patients and 20 matched healthy subjects, using a standard transcranial magnetic stimulation
procedure whereby motor-evoked potentials (MEPs) are elicited in a choice reaction time task. Moreover, behavioral inhibition and
trait impulsivity were evaluated in all participants. Finally, the relapse status of patients was assessed 1 year after the experiment. As
expected, AD patients displayed poorer behavioral inhibition and higher trait impulsivity than controls. More importantly, the MEP
data revealed a considerable shortage of neural motor inhibition in AD patients. Interestingly, this neural defect was strongest in
the patients who ended up relapsing during the year following the experiment. Our data suggest a strong motor component in the
neural correlates of altered inhibitory control in AD patients. They also highlight an intriguing relationship with relapse and the
perspective of a new biomarker to follow strategies aiming at reducing relapse in AD patients.
Neuropsychopharmacology (2018) 0:1–8; https://doi.org/10.1038/s41386-018-0074-0

INTRODUCTION
Loss of control over drinking is a core element of alcoholdependence and is thought to partially result from an inability to
inhibit prepotent but inappropriate responses [1]. Accordingly,
several lines of evidence indicate that deﬁcient inhibitory control
contributes to the development and maintenance of the disorder,
and augments the propensity of relapse, even after years of
abstinence [2, 3].
The ability to inhibit prepotent responses, commonly called
response inhibition, has been recognized as a critical executive
function supporting goal-directed behaviors. Consequently, inhibitory control has been perceived as a pure cognitive entity,
mainly relying on the structural and functional integrity of the
prefrontal cortex [4]. However, recent works indicate that
processes involving the motor system may also contribute to
inhibitory control, with a large body of literature demonstrating
that successful inhibition entails a decrease in motor system
excitability [5–7]. Though, these mechanisms have been totally
ignored in previous studies on alcohol-dependent (AD) patients.
When applied over the hand area of the primary motor cortex
(M1), single-pulse transcranial magnetic stimulation (TMS) can
elicit motor-evoked potentials (MEPs) in targeted ﬁnger muscles.
Interestingly, the amplitude of MEPs is strongly reduced preceding
voluntary movements relative to resting conditions, reﬂecting the
operation of powerful inhibitory inﬂuences that suppress motor

activity during action preparation [8–12]. One predominant view
has been that this neural motor inhibition shapes brain activity to
favor goal-directed behaviors over premature or inappropriate
motor responses [5].
Because inhibition of the motor output system is thought to
support the ability to subjugate inappropriate behaviors and
because this aptitude is altered in alcohol-dependence, we tested
the hypothesis that AD patients suffer from a shortage of neural
motor inhibition during action preparation. Moreover, we evaluated the potential relationship between the level of neural motor
inhibition and the propensity to relapse within the following year.
Finally, we also assessed trait impulsivity and behavioral inhibition,
using questionnaires and neuropsychological tasks.
MATERIALS AND METHODS
Participants
Twenty AD patients (11 women; 51.1 ± 6.93 years old), diagnosed
by a psychiatrist according to DSM-IV criteria, were tested during
the third week of their detoxiﬁcation program (St. Luc Academic
Hospital, Université catholique de Louvain, Brussels, Belgium).
They were abstinent for 17 to 20 days and no longer on
withdrawal medication. Their mean alcohol consumption before
detoxiﬁcation was 19.9 alcohol units (SD = 14.33) per day (an
alcohol unit = 10 g of pure ethanol), and their mean duration of
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Fig. 1 Setup to measure neural motor inhibition. a Instructed-delay choice reaction time (RT) task. Subjects were required to perform an
abduction movement of the left (upper trace) or right (lower trace) index ﬁnger in order to “shoot a ball into a goal”. The required response
was indicated by the position of the ball (preparatory cue) which appeared on the left or right side of the screen. Importantly, subjects had to
withhold their response until the onset of a bridge (imperative signal). Then, they had to respond as fast as possible (RT of 700 ms max).
Finally, a feedback score reﬂecting the performance was displayed for 500 ms. The RT was deﬁned as the time interval between the onset of
the imperative signal and the moment when the index ﬁnger touched the inner edge of a response device speciﬁcally designed to control for
the occurrence of premature responses (schematic representation of the device on the upper trace and actual photography on the lower
trace). b TMS timings. One single TMS pulse was delivered in each trial over the left or the right M1 (separate blocks) at two possible timings:
either at the onset of the blank screen (TMSBASELINE), or 950 ms after the onset of the preparatory cue (TMSDELAY). c Example of an EMG trace
showing a MEP elicited at TMSBASELINE in the right FDI of an alcohol-dependent patient preparing a right hand response. EMG data were
collected for 3200 ms on each trial, starting 200 ms before the TMS pulse. The size of the MEP is enlarged in the inset for better visualization.
FDI ﬁrst dorsal interosseous, TMS transcranial magnetic stimulation, MEP motor-evoked potential, M1 primary motor cortex

alcohol-dependence was 14.6 years (SD = 8.93). On the basis of
the Edinburgh Handedness Inventory [13], 18 were right-handed.
ADs were matched for age, gender, and education level with 20
right-handed control subjects; their mean alcohol consumption
was 0.4 units (SD = 0.71) per day. Exclusion criteria for both
groups included major neurological or psychiatric disorder, any
drug treatment that could inﬂuence performance or neural activity
(including benzodiazepine), and no history of polysubstance

abuse (except nicotine). Nicotine dependence was more prevalent
among ADs than controls (n = 12 and n = 3, respectively; X2 =
8.64; p < 0.01), as already shown in the past [14]. All participants
gave written informed consent, following a protocol approved by
the Biomedical Ethical Committee of the Saint-Luc University
Hospital, Université catholique de Louvain. A ﬁnancial compensation of €50 was only provided to the controls, in accordance with
ethical regulations.
Neuropsychopharmacology (2018) 0:1 – 8
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Experimental procedure
Self-reported measures. Current clinical status was measured
using French versions of the Spielberger State Trait Anxiety
Inventory (STAI Trait and State; [15, 16]) and the Beck Depression
Inventory (BDI; [17, 18]). Trait impulsivity was evaluated using the
UPPS Impulsive Behavior scale [19, 20].
Behavioral measures. Task details are provided in the Supplementary Materials and Methods. Brieﬂy, participants performed a
simple visual reaction time (RT) task and three neuropsychological
Miyake tasks, including the Stop-Signal, the Anti-Saccade and the
Number-Letter tasks. According to the theory of Miyake et al. [21],
the ﬁrst two tasks speciﬁcally address response inhibition (ability
to inhibit prepotent responses), whereas the Number-Letter task
evaluates the capacity to shift between mental sets, i.e. an
executive function distinct from inhibition. The critical measure for
each task was (1) the “stop-signal inhibition errors”, deﬁned as the
percentage of responses occurring in stop-signal trials, (2) the
“anti-saccade cost”, deﬁned as the RT difference between the antisaccade and control blocks, and (3) the “shifting cost”, corresponding to the RT difference between the blocks requiring a
mental shift or not. All tasks were implemented using E-Prime 2.0.
(Psychology Software Tools, Inc.) and run on a computer.
Participants were always required to respond as fast as possible
with their dominant hand.
Neural motor inhibition measures. Participants sat in front of a
computer screen with forearms resting in a semi-ﬂexed position
and hands placed palms down on a homemade response device.
They performed an instructed-delay choice RT task, requiring
them to choose between responding with a left or right index
ﬁnger abduction according to the position of a preparatory cue
(i.e., left or right-side ball separated from a goal by a gap), and to
provide their response as quickly as possible after the onset of an
imperative signal (i.e. bridge connecting the platforms on which
the ball and the goal stood). Once a correct response was
detected, the ball rolled over the bridge to reach the goal.
Importantly, responses provided before the imperative signal
caused the ball to fall into the gap.
The sequence of events of a typical trial is shown on Fig. 1a.
Each trial started with the presentation of a blank screen for 1000
ms. Then, the preparatory cue was displayed, allowing participants
to prepare their movement. After a random period of 1000–1200
ms, the imperative signal appeared and remained visible until a
ﬁnger response was detected (700 ms max). Finally, a feedback
score reﬂecting the performance appeared for 500 ms: correct
responses led to positive scores (inversely proportional to the RT,
ceiling at +25) whereas errors resulted in a ﬁxed negative score
(−15).
Each subject performed 4 blocks of 56 trials with one TMS pulse
applied on each trial (at 115 % of the resting motor threshold),
over the left (mean intensity of 51.75% and 56.35% of the
maximum stimulator output in controls and ADs, respectively) or
the right M1 (49.45% and 52.9%, respectively). MEPs were elicited
in the ﬁrst dorsal interosseous (FDI) of the dominant (MEPD) or
non-dominant (MEPND) hand (separate blocks). The TMS pulse
could occur either at the onset of the blank screen, when
subjects were at rest (TMSBASELINE; 18 MEPs/block), or during the
delay period, 950 ms after the onset of the preparatory cue
(TMSDELAY; 38 MEPs/block), when subjects were withholding
their response (Fig. 1b). At the latter timing, MEPs could either
occur in a hand cued for the forthcoming response
(selected condition; e.g., MEPND in ND hand trials; 19 MEPs/block)
or in the non-cued hand (non-selected condition; e.g., MEPND in
D hand trial; 19 MEPs/block). Electromyography (EMG) was
recorded from both FDIs (Fig. 1c). Details about the TMS and
EMG procedures are provided in the Supplementary Materials
and Methods.
Neuropsychopharmacology (2018) 0:1 – 8

Relapse measures. Twelve months after the experiment, ADs
were called back and questioned about their drinking behavior
since their detoxiﬁcation program. Patients were classiﬁed as
“relapsers” when they had consumed at least 60 g alcohol (male;
40 g for a female) on a single occasion during the past year, in
accordance with criteria recommended in standard clinical trials
[22–24]. The one-year time point was chosen as it has been shown
to be a strong predictor of subsequent alcohol use [25, 26]. Of the
20 patients, 11 had resumed consumption, while two women
reported having consumed one or more sips of alcohol without
reaching the threshold of 40 g alcohol and were therefore
included in the non-relapser group (n = 9).
Statistical analyses
Demographic variables and current clinical status in ADs and
controls were compared using independent t-tests, and those
found to signiﬁcantly differ between groups were included as
covariates in the following analyses to control for their inﬂuence.
Trait impulsivity was analyzed by conducting a multivariate
analysis of variance (MANOVA) on scores reported at the four
subscales of the UPPS questionnaire. Data from behavioral and
neural motor inhibition were analyzed using analyses of
covariance (ANCOVAs), and the relationship between these
variables was evaluated using partial Pearson’s correlations.
ANCOVAs were also used to compare the inhibitory proﬁle of
controls, non-relapsers and relapsers. The Fisher’s least signiﬁcant
difference (LSD) method was used to run post-hoc comparisons.
Statistical signiﬁcance was set at p < 0.05. Further details on
statistical analyses are provided in the Supplementary Materials
and Methods.
RESULTS
Self-report measures
Demographic and current clinical status. As illustrated in Table S1,
ADs and controls were fully matched for age and education level.
In addition, they did not signiﬁcantly differ for state anxiety
(t38 = 1.02; p = 0.32). By contrast, ADs reported higher levels of
trait anxiety (t38 = 4.07; p < 0.001) and depression (t38 = 3.98;
p < 0.001). Therefore, these factors were included as covariates in
subsequent analyses. Importantly, despite the correlation
between these two variables (r = 0.77), collinearity was excluded
given the magnitude of the variance inﬂation factor (VIF = 2.37,
i.e., <10; [27]).
Trait impulsivity. The MANOVA performed on scores at the
UPPS impulsivity scale showed a signiﬁcant main effect of GROUP
(λ4,33 = 0.73; p < 0.05), due to higher scores on the urgency
subscale in ADs (F1,36 = 4.81; p < 0.05; Table S2).
Behavioral measures
RTs in ADs (mean = 313.5) and controls (mean = 300.6) were not
signiﬁcantly different in the simple visual RT task (F1,36 = 1.18;
p = 0.28). Regarding the neuropsychological tasks, the main
ﬁnding was that ADs displayed a larger anti-saccade cost than
controls (F1,36 = 8.32; p < 0.01; Fig. 2b), indicating that it was more
difﬁcult for them to inhibit the initial reﬂexive saccade towards the
incongruent visual cue (but see also our comment in the
Supplementary Materials and Methods). Besides, the percentage
of inhibition errors in the stop-signal task (F1,35 = 1.03; p = 0.32;
Fig. 2a) and the shifting cost in the number-letter task (F1,36 = 0.08;
p = 0.77; Fig. 2c) were comparable in ADs and controls. More
details on analyses performed in each task are provided in the
Supplementary Materials and Methods.
Neural motor inhibition measures
MEP data. Overall, MEPs elicited at TMSBASELINE were smaller in
ADs (1.03 ± 0.25 mV) than in controls (1.84 ± 0.23 mV), as indicated
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Fig. 2 Neuropsychological Miyake tasks. The unadjusted means (gray bars) and individual data (black dots) are shown for the critical measures
of each task in the control and alcohol-dependent (AD) groups. a Inhibition errors in the stop-signal trials, deﬁned as the percentage of
categorization responses occurring in the stop trials. b Anti-saccade cost (ms) in the anti-saccade task, deﬁned as the difference between the
average RTs in the incongruent block and the average RTs in the two ﬁrst blocks, with **p < 0.01. c Shifting cost (ms) in the number-letter task,
deﬁned as the difference between the average RTs for the trials requiring a mental shift in the third block and the average RTs in the two other
blocks. (a, b) Provided a measure of inhibition, whereas c provided a control measure of shifting abilities. Further details relative to the
experimental procedure of these tasks are provided in the Supplementary Materials and Methods. Our results highlight a deﬁcit in behavioral
inhibition when AD patients have to suppress an oculomotor response

Fig. 3 Unadjusted means (gray bars) and individual data (black dots) are shown for the raw amplitude of motor-evoked potentials (MEPs)
recorded in the ﬁrst dorsal interosseous (FDI) in a control subjects and b alcohol-dependent (AD) patients. MEPs were elicited during the intertrial interval (BASELINE) or during the delay period in a hand that was either selected (DELAYSEL) or non-selected (DELAYNSEL) for the
forthcoming action. As the main effect of MEP-SIDE was not signiﬁcant, data are collapsed across both hands. **p < 0.01 and ***p < 0.001.
$ = MEPs at TMSBASELINE were signiﬁcantly smaller in ADs than in controls. Our results show a signiﬁcant suppression of MEPs at DELAYSEL and
DELAYNSEL in both control subjects and AD patients

by a main effect of GROUP (F1,36 = 5.82; p < 0.05, Fig. 3), regardless
of the hand within which MEPs were elicited (GROUP × MEP-SIDE
interaction: F1,36 = 1.81; p = 0.19). This effect occurred even
though the same TMS intensity was used in both groups,
suggesting a lower corticospinal excitability at rest in ADs.
As shown on Fig. 3a, in controls, MEPs were systematically
smaller at TMSDELAY relative to TMSBASELINE (CONDITION:
F2,38 = 4.07; p < 0.001), whether elicited in a selected or nonselected condition (both p < 0.001), consistent with the occurrence
of neural motor inhibition during action preparation. A
suppression of MEPs at TMSDELAY was also found in ADs, as
indicated by a main effect of CONDITION (F2,38 = 6.69; p < 0.01;
Fig. 3b). Similar to controls, this effect occurred regardless of
whether MEPs were elicited in a selected or non-selected
condition (both p < 0.01).
In order to compare the strength of MEP suppression between
both groups (Fig. 4), analyses were run on MEPs at TMSDELAY
expressed in percentage of MEPs elicited at TMSBASELINE (i.e.,

[TMSDELAY/TMSBASELINE] × 100). Interestingly, MEP suppression was
attenuated in ADs compared to controls (GROUP; F1,36 = 6.97; p <
0.05). This effect is unlikely to be due to the MEP difference at
TMSBASELINE, as we did not observe any signiﬁcant correlation
between normalized MEPs at TMSDELAY and the amplitude of MEPs
at TMSBASELINE (all −0.37 < r < −0.07 and p > 0.11). Intriguingly, the
GROUP effect depended on the hand within which MEPs were
elicited (GROUP × MEP-SIDE interaction; F1,36 = 4.06; p < 0.05); it
was observed for the MEPND (p < 0.01; Fig. 4a) but not for the
MEPD (p = 0.35; Fig. 4b). Relatedly, the MEP suppression tended to
be more pronounced in the non-dominant than in the dominant
hand of controls (p < 0.09), whereas this difference was not
observed in ADs (p = 0.23), with MEPs at TMSDELAY showing very
little suppression in both hands of ADs. Finally, neither the factor
CONDITION (F1,36 = 0.52; p = 0.48) nor the GROUP × CONDITION
interaction (F1,36 = 0.03; p = 0.87) were signiﬁcant, suggesting that
ADs displayed an abnormally weak MEPND suppression in both the
selected and non-selected conditions.
Neuropsychopharmacology (2018) 0:1 – 8
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Fig. 4 Unadjusted means (gray bars) and individual data (black dots) are shown for the amplitude of motor-evoked potentials (MEPs)
recorded in the ﬁrst dorsal interosseous (FDI) at TMSDELAY (expressed in percentage of MEPs elicited at TMSBASELINE) in the a non-dominant or b
dominant hand of healthy control subjects (light gray) and alcohol-dependent (AD) patients (dark gray). MEPs are shown for conditions where
the muscle from which they were recorded was either selected (DELAYSEL; open bars) or non-selected (DELAYNSEL; dashed bars) for the
forthcoming response. Please note that one AD patient was not displayed for the condition “DELAYSEL” in the non-dominant hand due to its
extreme value (X = 301.5). This patient is nevertheless considered in the mean value. Importantly, exclusion of this participant from the
analyses would have led to the same outcomes. **p < 0.01. Our results show an attenuated suppression of MEPND for both the DELAYSEL and
DELAYNSEL conditions

Taken all together, those results indicate an alteration of neural
motor inhibition in AD patients compared to healthy subjects,
especially with MEPs elicited in the non-dominant hand.
Behavioral data. As illustrated in Table S3, ADs and controls
performed similarly on the choice RT task; they displayed
comparable RTs (F1,36 = 0.53; p = 0.47) and an equivalent percentage of anticipation and hand choice errors (F1,36 = 0.89; p = 0.35
and F1,36 = 0.10; p = 0.76; respectively).
Relationship between the different measures of inhibition
The results reported above reveal a deﬁcit in inhibitory control in
AD patients at several levels. First, the urgency subscale scores
were higher than in controls, reﬂecting a larger trait impulsivity.
Second, ADs displayed a greater anti-saccade cost, implying a lack
of behavioral inhibition. Finally, we observed an abnormally weak
MEPND suppression at TMSDELAY, indicating deﬁcient neural motor
inhibition. Notably, we did not ﬁnd any signiﬁcant correlation
between these three types of deﬁcits in ADs (all −0.18 < r < 0.22
and p > 0.39).
Relationship between deﬁcient inhibition and relapse
The measures of trait impulsivity (urgency score), behavioral
inhibition (anti-saccade cost) and neural motor inhibition (MEPND
suppression) were used to evaluate the potential connection
between deﬁcient inhibition and relapse. To do so, patients were
separated according to whether they had relapsed (n = 11) or not
(n = 9) and were compared to controls. As shown on Fig. 5,
analyses revealed a signiﬁcant main effect of GROUP on all three
variables (trait impulsivity: F2,37 = 10.52; p < 0.001; behavioral
inhibition: F2,35 = 8.99; p < 0.001; neural motor inhibition:
F2,35 = 6.53; p < 0.01). Interestingly, patients who ended up
relapsing displayed poorer behavioral inhibition as well as weaker
motor suppression during action preparation than those who
remained sober (p < 0.01 and p < 0.05, respectively). In fact, the
abstinent patients showed similar levels of behavioral and neural
motor inhibition to controls (p = 0.58 and p = 0.28, respectively),
whereas those who relapsed were altered on both measures
(p < 0.01 and p < 0.001, respectively). Such an effect
was not observed for trait impulsivity: the latter was higher in
patients than in controls, regardless of the relapse status (both
p < 0.01).
Neuropsychopharmacology (2018) 0:1 – 8

DISCUSSION
The development, maintenance, and relapse of substance-use
disorders have usually been related to a lack of inhibitory control.
This deﬁcit is largely documented in AD patients, with a rich body
of literature reporting signiﬁcant alterations commonly evidenced
using self-reported questionnaires and neuropsychological tasks
[1]. Moreover, neuroimaging studies have reported abnormalities
in prefrontal networks that are generally associated with inhibitory
control [28, 29]. Here, we used TMS to address the question of
inhibitory deﬁcits from a different perspective, focusing on a
potential dysfunction of motor circuits, given the recent evidence
that these structures display strong inhibitory changes during
action preparation and that these modulatory effects are thought
to support healthy goal-directed behaviors [5]. Our data indicate
that behavioral inhibitory difﬁculties of AD patients occur in
parallel with a strong lack of neural motor inhibition during action
preparation. Critically, both behavioral and neural motor inhibition
deﬁcits seem to be related to the risk of relapse.
Neural motor inhibition
Many previous TMS studies have shown that the motor system is
strongly suppressed during action preparation [9–11, 30].
Consistent with this literature, in controls, MEPs elicited at
TMSDELAY were substantially smaller than MEPs elicited at
TMSBASELINE. Interestingly, the strength of this MEP suppression
was comparable whether the MEPs were probed in a hand
selected or non-selected for the subsequent action, which is line
with recent works inferring the existence of a generic form of
inhibition targeting all muscle representations regardless of their
function in the forthcoming response [5]. MEPs were also reduced
in AD patients, although the strength of this change was relatively
weak. Accordingly, the MEP suppression was signiﬁcantly smaller
in ADs than in controls, suggesting that AD patients suffer from an
alteration in neural motor inhibition. This attenuated MEP
suppression cannot be attributed to a lower involvement of ADs
in the task, as they performed equally well as controls.
The shortage of neural motor inhibition in ADs was observed
when MEPs were elicited in the non-dominant hand. Interestingly,
in controls, the MEP suppression tended to be stronger in that
hand relative to the dominant hand, which suggests that the
motor pathway controlling the non-dominant limb displays more
inhibitory inﬂuences than that controlling the dominant one, as
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Fig. 5 Unadjusted means (gray bars) and individual data (black dots) are shown for a trait impulsivity (i.e., scores of the urgency subscale of
the UPPS impulsive behavior scale), b behavioral inhibition (i.e., anti-saccade cost) and c neural motor inhibition (i.e., motor-evoked potentials
(MEPs) probed in a non-dominant hand that was selected (DELAYSEL; open bars) or non-selected (DELAYNSEL; dashed bars) for the forthcoming
response) in control subjects and in alcohol-dependent patients who did not or did relapse (Non-Rs and Rs, respectively) during the year
following the experiment. Please note that the anti-saccade cost and MEPs probed in the ﬁrst dorsal interosseous (FDI) were corrected for the
inﬂuence of covariates, and that one “Rs” patient was not displayed for the condition “DELAYSEL” due to its extreme value (X = 301.5). This
patient is nevertheless considered in the mean value. Importantly, exclusion of this participant from the analyses would have led to the same
outcomes. *p < 0.05 and **p < 0.01

already discussed in the past [12, 31, 32]. Thus, deﬁcient neural
motor inhibition in ADs concerns the condition where MEP
suppression is normally the strongest.
Notably, MEPs at TMSBASELINE were smaller in ADs than in
controls. The question arises as to whether this difference may be
responsible for the attenuated MEP suppression in patients:
baseline MEPs might have been too small in ADs to show a further
suppression at TMSDELAY (ﬂoor effect). Although we cannot
completely rule out this possibility, we believe it is unlikely.
First, we did not ﬁnd any relationship between the amplitude of
MEPs at TMSBASELINE and the strength of MEP suppression at
TMSDELAY. In addition, we observed a normal MEP suppression in
the dominant hand of ADs, although baseline MEPs were as small
in that hand as in the non-dominant hand where the deﬁcit was
observed.
Behavioral inhibition
ADs displayed deﬁcient behavioral inhibition, as evident
from their lower performance in the anti-saccade task (but see
also our comment in the Supplementary Materials and
Methods). By contrast, they performed equally well as controls
in the number-letter task, suggesting that inhibitory
deﬁcits occurred in the absence of major alterations in general
executive functioning. Importantly, inhibitory deﬁcits cannot be
explained by a general psychomotor slowness sometimes
reported in ADs [29, 33], as we did not observe any betweengroup difference in the simple RT task. Although prior neuropsychological works assessing response inhibition have led to
equivocal ﬁndings [33–36], our data are in line with a recent
meta-analysis validating the presence of behavioral inhibitory
deﬁcits in ADs [37].
One surprising result is the absence of difference between ADs
and controls in the percentage of inhibition errors in the stopsignal task. However, this lack of effect could be due to our
experimental procedure. As such, following the recommendations
of Miyake and according to previous studies [21, 35, 38], the stopsignal delay was ﬁxed; it corresponded to the mean RT in the ﬁrst
block minus 225 ms. The fact that it was not constantly adjusted
(as often the case) might have allowed participants lacking
inhibition abilities to adopt a strategy whereby they maintained a
high success rate by postponing response preparation.
Consistently, patients displayed slower RTs than controls (see
Supplementary Materials and Methods).

Trait impulsivity
ADs obtained higher scores than controls on the UPPS impulsive
behavior scale, corroborating the well-documented link between
impulsivity and alcohol-dependence [1]. The scores were particularly high on the urgency subscale, reﬂecting the tendency to act
rashly under condition of negative affect. This form of impulsivity
seems to be the one most strongly associated with psychopathologies [20], as again supported by our measures.
Relationship between the different measures of deﬁcient
inhibition
ADs were found to suffer from deﬁcient inhibitory control at the
neural, behavioral and trait levels. Interestingly, the strength of
MEP suppression during action preparation did not correlate with
urgency scores or with the anti-saccade cost, suggesting that
neural motor inhibition reﬂects a different facet of inhibitory
control. Besides, trait impulsivity and behavioral inhibition were
not associated either, which is in line with previous meta-analytic
works reporting a very slight overlap between these types of
measure [39, 40].
Deﬁcient inhibition and relapse
Interestingly, the AD patients who relapsed within the year
following the experiment were those displaying the strongest
inhibitory deﬁcits, both at the behavioral and neural level. In fact,
the patients who remained sober responded as accurately as
controls in the Anti-Saccade task, reﬂecting rather normal
inhibitory skills. Moreover, the neural motor inhibition of abstinent
patients seemed normal, as their MEPND suppression at TMSDELAY
was comparable to that displayed by healthy controls. Hence,
deﬁcient inhibition was only observed in subjects who ended up
relapsing during the year following the experiment. Those results
are in line with new evidence relating impaired inhibitory control
and poor treatment outcomes in substance-use disorders [41]. In
particular, by measuring event-related potentials [42] or behavioral performance [43, 44] in a Go/No-Go task in ADs, recent
prospective studies have concluded that response inhibition
abilities at treatment onset may predict future relapse.
By contrast, all patients displayed higher trait impulsivity
compared to controls, regardless of the forthcoming relapse
status. Interestingly, trait impulsivity represents a stable personality feature, whereas behavioral and neural motor inhibition are
known to ﬂuctuate over time and are therefore more prone to
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change [10, 45]. For instance, deﬁcient response inhibition has
been found to improve following cognitive training [46], while
MEP suppression can be strengthened with a training procedure
of real-time neurofeedback [47]. As preliminary research also
suggests that enhanced response inhibition might reduce
subsequent alcohol intake [46], the development of training
programs targeting behavioral and neural motor inhibition could
therefore represent a promising approach in the treatment of
alcohol-dependence.
Conclusion and perspectives
This study provides ﬁrst evidence for the view that ADs suffer from
a dysfunction of neural inhibitory mechanisms operating at the
level of the motor output system. Interestingly, the strongest
effects were reported in patients who ended up resuming
consumption, suggesting that this deﬁcit may contribute to the
propensity to relapse. Our ﬁndings have important clinical
implications. In particular, deﬁcient neural motor inhibition could
represent an objective TMS-based biomarker helping to detect
people at high-risk of relapsing, as well as a promising target for
pharmaceutical and training interventions.
New avenues of research are opened here. Notably, it would be
interesting to include structural magnetic resonance imaging data
to the TMS, neuropsychological and self-reported assessments in
order to explore the neural bases of deﬁcient motor inhibition.
Moreover, the effect of alcohol, nicotine and comorbid dependence on response inhibition was not addressed in this study, and
represents an appealing issue for future research. Finally, as
alcohol-dependence is thought to result from impaired cognitive
control associated with increased reactivity to alcohol-related
stimuli, a next step will be to investigate the impact of these cues
on the strength of neural motor inhibition.
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